The dielectric spectra of mixtures of the polar solute isoamyl bromide in 2-methylpentane have been investigated in the frequency range 1 mHz to 1 MHz and in the temperature range approaching the glass transition temperature. The results obtained from the spectra are compared with those obtained recently ͓J. Chem. Phys. 111, 10979 ͑1999͔͒ on pure isoamyl bromide. It is found that on increasing dilution with the nonpolar solvent, the width of the curves of the dielectric spectra increase significantly, and this is reflected in the increase in the nonexponential nature of the relaxation dynamics. This is found to be a consequence of the decrease in the cooperativity of the relaxation dynamics and or an increase in the heterogeneity of the solution. The data are found to fit the Havriliak-Negami equation extremely well. The data at low and high frequencies also fits the ''universal law,'' since the latter is a low and high frequencies limiting case of the HavriliakNegami equation. The scaling parameters of this law are calculated for the 25 mol % solution of isoamyl bromide in 2-methylpentane, and these are shown to experimentally relate to the H-N parameters. The stretched exponential parameter, ␥, is estimated as a function of the temperature and is shown to follow the equation ␥Ϸa(TϪT 0 ). Vogel-Fulcher-Tammann equation fits the data of the relaxation peak frequency as a function of the inverse of absolute temperature for the various mixtures quite well, this being possibly a consequence of the temperature dependence of the stretched exponential parameter. The predictions from the mode coupling theory and those by Bertrand and Souletie are verified with the exception that the exponent is found to be much greater than predicted by these theories. The relative predominance of the Johari-Goldstein process in isoamyl bromide increases initially with dilution with 2-methylpentane and then disappears as the number density of the independent relaxors increases with further dilution.
I. INTRODUCTION
Molecular dynamics of glass-forming liquids not only has crucial ramifications for the fundamental study of liquids, but also has the important significance for glass and polymer science. Liquids that supercool, rather than freeze, simulate the behavior of polar and nonpolar polymers with a well defined glass transition temperature. Dielectric spectroscopy is a very powerful technique for investigating the molecular dynamics of supercooled liquids due to the availability of an extended range of frequencies of usually 15 decades or wider. This is nearly half of the entire conceivable range of frequencies in the universe, which extend from frequencies of the cosmic radiation of 10 25 s Ϫ1 to the reciprocal age of the universe of 10 Ϫ15 s
Ϫ1
, a total of 40 decades of frequency. The useful range of frequencies however where the relaxation phenomena due to the intermolecular interactions may dominate is at the most about 18 decades wide, and the dielectric spectroscopy can cover most of it.
In this paper, we report the dielectric spectra of isoamyl bromide ͑1-bromo-3 methyl butane͒ in solutions of 2-methylpentane and compare with the spectra of pure isoamyl bromide reported in our previous paper. 1 A skewed arc shape in the complex permittivity plots was observed for pure isoamyl bromide above its freezing point by Glarum, 2 by Denny 3 in the supercooled state, and by Berberian and Cole 4 and Berberian 5 who later extended these measurements to lower temperatures. The dielectric relaxation of its solution over a limited range of temperatures and frequencies was studied by Denny and Ring. 6 The solute isoamyl bromide is selected because it is a simple polar liquid devoid of hydrogen-bonding. The solvent hydrocarbon 2-methylpentane is chosen because ͑i͒ isoamyl bromide completely dissolves in it, ͑ii͒ it does not hydrogen-bond, and ͑iii͒ the molecules of these two liquids are isometric, i.e., they have the same size and shape, except that one is polar and the other nonpolar. The molecular shape is the same for the reason that the bromine group is nearly of the same size as the methyl group. These liquids and their mixtures are known to supercool without freezing. In our previous paper, 1 we found that the relaxation mechanism for pure isoamyl bromide follows the Davidson-Cole 7 formalism, similar to the conclusions of Berberian and Cole, 4 whereas that of its 50 mol % mixture surprisingly showed a remarkable change in the spectra and followed the Havriliak-Negami 8 function with both parameters much different than unity. Mixtures of isoamyl bromide in 2-methylpentane are the ideal systems to study the nonexponential character of the relaxation funca͒ Author to whom correspondence should be addressed. Electronic mail: jvij@tcd.ie tion. In this paper we extend these measurements to 25 and 75 mol % solutions of isoamyl bromide in 2-methylpentane. The objectives of the study are to determine ͑i͒ the effect on the dielectric spectra of varying the concentration of a simple nonhydrogen bonded liquid in a solvent whose molecules are of similar shape, ͑ii͒ how a change in the electrostatic interactions of a dipolar molecule in a nonpolar solvent of similar type affect the shape and the parameters of the relaxation process which is largely nonexponential, and ͑iii͒ to find the dependence of the time-domain stretched exponential parameter, a measure of the nonexponential character of the relaxation function, on the temperature as the system is supercooled towards its glass transition temperature, T g .
II. EXPERIMENT
The dielectric relative permittivity ⑀Ј and dielectric loss ⑀Љ were measured in the frequency range 10 Ϫ3 Hz to 1 MHz using a Solatron-Shlumberger 1255A frequency response analyzer ͑FRA͒ interfaced with a Chelsea dielectric impedance isolator between the dielectric cell and the FRA. The dielectric cell used was a miniature tunable parallel plate capacitor of capacitance ϳ27 pF purchased from Alfred Tronser GmbH, Germany. The cell containing the sample was suspended using a sample rod in the Oxford special Spectrodn20 top loading cryostat. The temperature of the cell was controlled to Ϯ0.1 K using an Oxford ITC6 temperature controller over a period of up to 8 h. Temperature of the sample was measured by immersing a PT 100 class A sensor in the cell containing the liquid using a Keithley 105A multimeter. The maximum tolerance at 73 K is given as Ϯ0.55 K, which is better than for most commercial thermocouples.
The purity of isoamyl bromide and the solvent 2-methylpentane are described in our previous paper. 1 The mixtures 25%, 50%, 75%, all in mol %, were prepared by accurately weighing the appropriate amounts.
III. RATE EQUATIONS GOVERNING THE RELAXATION PHENOMENA
The Arrhenius equation for the temperature dependence of a characteristic relaxation time, , is given by
The apparent activation energy, E A , of a typical relaxation process in phenomenological terms increases significantly while approaching the glass transition region. This may tentatively explain a non-Arrhenius temperature dependence of the relaxation time close to T g . The pre-exponential factor involving 0 can be estimated from the relaxation time of a librational process, with zero barrier height, which does not involve crossing over an energy barrier and for which E A ϭ0.
The most widely used empirical law which fits reasonably well the temperature dependence of the relaxation time is the Vogel-Fulcher-Tammann 13 that the configurational entropy, S conf , which is temperature dependent, be replaced by ⌬SϭS melt ϪS crystal . It is found experimentally that ⌬S decreases as T approaches T g , and this gives rise to a significant increase in as T →T g , thus providing a physical basis of the VFT equation. Johari 14 has recently shown that S conf is higher than ⌬S and only an upper limit of S conf can be estimated by extrapolation of the vibrational entropy of a glass at TϭT g .
The recent development of the mode-coupling theory ͑MCT͒ given by Götze and Sjörgen 15 has given rise to an equation that fits the data and gives a crossover temperature, T C , below which the relaxation time predicted by this equation significantly diverges from the experimental value,
and Souletie and Bertrand,
where k 1 and k 2 are constants. The crossover temperature, T C , is some 20 K above T g . The exponent ␥ 1 , in particular, is predicted to lie between 2 and 4. In the frequency domain, and except for extremely very high frequencies where the inertial effects dominate, the complex relative permittivity, ⑀͑͒, as a function of angular frequency, ϭ2 f , can be fitted to Havriliak-Negami
HN denotes the characteristic HN relaxation time. ⑀ ϱ and ⌬⑀ϭ⑀ S Ϫ⑀ ϱ are the permittivity in the high frequency limit and the dielectric relaxation amplitude, respectively. ⑀ S is the static permittivity. The exponents 0Ͻ␣, ␤Ͻ1 introduce the required symmetry and asymmetric broadening in the permittivity and loss curves. The frequency of the relaxation peak was calculated from
where the relaxation time, ϭ1/2 f m . Figure 1 show the ⑀Ј and ⑀Љ spectra of 75 mol % solution of isoamyl bromide in 2-methylpentane at 18 selected temperatures. The spectra at temperatures above 124 K show lower values of ⑀Ј and ⑀Љ than expected on the basis of an increase in temperature alone. This is due to the partial freezing of the sample. For the 75 mol % solution, we find that the data, at temperatures others than those of partial freezing, can be resolved in terms of two processes. The data are fitted to two Havrilaik-Negami 8 terms. The set of parameters for both processes, (⌬⑀ 1 ,⌬⑀ 2 ) and (␣ 1 ,␤ 1 ;␣ 2 ,␤ 2 ) are plotted in Figs. 2 and 3, respectively. It is interesting to note that the low frequency process dominates and its dielectric amplitude is higher by a factor of almost 50 compared to the high frequency process. The average value of ␣ 1 for the primary process is 0.95Ϯ0.2 and that of ␤ 1 is 0.58. This process is found to be H-N; though it is somewhat closer to formalism, but it is distinguishable only through a fitting procedure on an accurate set of data as being reported here. The second process has clearly both symmetric and asymmetric distribution of relaxation times with ␣ 2 lying in the range 0.75-0.55 and decreasing with decreasing temperature, whereas ␤ 2 lies within 0.6 and 0.45. Frequencies of maximum dielectric loss are calculated using Eq. ͑7͒ from the values of the parameters for the two processes that have been calculated by fitting the data. These frequencies are plotted in Fig. 4 as a function of 1000/T. Partial-freezing may also be reflected in the relaxation rate as the point of inflexion is seen at ϳ124 K in Fig. 4 . For temperatures excluding those of partial freezing, process 1 is fitted to Arrhenius, VFT, to the mode-coupling theory, 15 and to the Souletie and Bertrand 16 equation. The fitting is shown in Fig. 5 , and fitting parameters are presented in Table I the primary process are similar to those already observed. The amplitude of the high frequency or the secondary process is too low to determine whether this process deviates from the Arrhenius law. The two processes tend to merge at a higher temperature some 40-50 K above T g . Particularly at low temperatures, the VFT equation describes the temperature dependence of the process extremely well. The mode-coupling theory fits the data at low temperatures and the relaxation time diverges at a temperature of 105 K, some 20 K above T g , in accordance with the prediction of the mode-coupling theory. T g from the dielectric experiments is usually defined as the temperature where the frequency of maximum dielectric loss is 10 Ϫ3 Hz, and the values of T g thus determined for pure isoamyl bromide and its solutions are listed in Table II . In general T g decreases with increasing dilution because the nonpolar solvent has lower T g than the polar solute. Figure 6 show the ⑀Ј and ⑀Љ spectra for 25 mol % solution of isoamyl bromide in 2-methylpentane. The striking difference of this spectra from the spectra of pure isoamyl bromide and that of its 75 mol % solution is that the spectra are much broader but nevertheless shows a remarkable resemblance to the dielectric spectra of a polymer such as that of poly͑venyl acetate͒. 18 The spectra in Fig. 6 cannot be resolved into more than a single process and are thus fitted to a single H-N function; the parameters of the fit are shown in Fig. 7. From Fig. 7 , it is interesting to note that an increase in temperature results in the parameter ␣ increasing from a low value of 0.42 close to T g to 0.85, whereas ␤ decreases from almost unity to ϳ0.6. This result particularly shows that the symmetric distribution of relaxation times at lower temperatures is gradually transformed to an asymmetric distribution with an increase in temperature. In general at all temperatures H-N ͑Ref. 8͒ is found to be a better representation of the data than Cole-Cole 19 or Davidson-Cole 7 representation alone. Figure 8 shows the frequency of maximum dielectric loss as a function of temperature for the various fits. The parameters of the fitting are presented in Table III . The parameters of fit show a striking difference from those at 75%. In particular, the VFT, Aϭ 0 Ϫ1 , parameter for the 25% solution here is 17.7 as compared to 12.4 for 75%. Values of the parameters, in general, are dependent on the range of temperatures used to fit the data. The parameter, A, is much higher than a normally extrapolated value of ϳ12, frequency in the THz. This may show that for 25% solution, the curve Table I. at higher temperatures and consequently higher frequencies must depart significantly from the Arrhenius behavior and thus be considerable bent to reduce A from 17.7 to ϳ12. The exponent of the mode-coupling theory is found to be 17.2, which is much greater than predicted by the theory of it lying between 2 and 4.
IV. RESULTS AND DISCUSSION
In Fig. 9 , we show a plot of log ⑀Љ vs log f. The data at the low and high frequencies extrapolates to straight lines, the slopes m and n are calculated from fits at low and high frequencies, respectively, shown by chained lines, in Fig. 9 . These scaling parameters related to the parameters of the H-N equation can be found as follows:
Equation ͑7͒ can be written as
For HN Ӷ1, the equation approximates to
On equating the imaginary parts, we get
The plot of log(⑀Љ(f )) vs log f at low frequencies gives a straight line with a slope mϭ␣. For high frequencies, HN ӷ1, Eq. ͑6͒ yields
⑀͑͒Ϫ⑀ ϱ Ϸ⌬⑀e
Ϫi␣␤/2
The plot of log(⑀Љ(f )) vs log f at high frequencies gives a straight line with a negative slope of magnitude nϭ␣␤. It may be stated that the scaling parameters m and n are related to those of the ''universal relaxation law'' given by Jonscher, 20 m J and n J ͑both of these being positive numbers͒ as follows: m J ϭm, and n J ϭ1Ϫn. ͑13͒
The ''universal relaxation law'' 20 is therefore only a special case of the Havriliak Table  III . Figure 10 shows a plot of the parameters m and n as a function of temperature. In the temperature range given, n is found to be much lower than unity. We find that whereas both m and n decrease with a decrease in temperature, however the decrease in m with temperature in the range given is found to be much more dramatic. The dynamics at high frequencies reflected in nӶ1 is found to be significantly affected at low temperatures, especially when the system approaches T g from a much higher temperature where nр1. Two sets of parameters ͑m, n͒ and ͑␣, ␤͒ found by different fitting procedures of the data on 25 mol % solution are listed in Table IV . There is found to be a good correspondence between mϭ␣ and nϭ␣␤ within the errors of the different fitting procedures. It may be remarked, however, that the procedure of finding ␣, and ␤ is much more refined than that of m and n, since the latter are the extrapolations of the slopes at low and high frequencies, respectively.
A. Analysis in the time-domain
In the time-domain, the nonexponential patterns with which equilibrium is restored, following a perturbation, is given by Kohlrausch 23 resentation of the data of some low molecular weight glassforming systems. 17, 21, 26 Alvarez et al. 27 have obtained an empirical connection between the analysis in the time-and the frequency domains. They established the relationship by simulating the data in the time-domain by letting ␤ KWW ͑ϭ␥ here͒, to lie in the range 0.95-0.1, for times such that the ratio t/ lies in between 10 Ϫ3 -10. This was then numerically Fourier transformed to produce the frequency dependence of the spectra and the data fitted to the Havriliak-Negami 8 equation and ␣ and ␤ thus computed. The following empirical equation was found: ␣␤ϭ␥ 1.23 .
͑17͒
This would imply that both ␣ and ␤ and in turn the low and high frequency slopes are determined by ␥ as shown by Moynihan et al. 28 The stretched exponent, ␥, is calculated from ␣ and ␤ and is plotted in Fig. 11 as a function of temperature. The plot follows the equation, ␥Ϸa(TϪT 0 ), with aϭ0.0179 and T 0 ϭ78.1 K. This in turn will lead to the VFT dependence of the dielectric relaxation time as suggested by Nagel and Dixon. 29 Lunkenheimer et al. 30 have found a similar behavior of the stretched exponent with temperature for glycerol, though they did not show any fitting of the data. It may be remarked that T 0 agrees with that using the mode-coupling theory better than the VFT, however this need to be investigated in detail in future.
The width of the permittivity curves increases with dilution of isoamyl bromide by 2-methylpentane. This is reflected in an increase in the nonexponential character of the relaxation function measured by the parameters ␣, ␤, and the Kohlrausch ␥, and the scaling parameters m and n. Figure 14 shows the half-width ͑HW͒ of the dielectric loss curves, as a function of temperature for different concentrations. There is found to be a significant increase in the half-width with both dilution and also a reduction in temperature. The dilution through a reduction in the dipole-dipole interaction energy seems to break the cooperativity of polar molecules in the liquid and thus increases the non-exponential character of the relaxation function. Pure isoamyl bromide already shows the nonexponential relaxation character, since the molecules are not linked through any intermolecular forces like those in a normal 31 and some branched alcohols where the primary process is largely exponential 32 due to a cooperative process. This is also supported by the results of Glasser et al., 33 who found that normal alcohols, which in pure state at room temperature give rise to an exponential relaxation dynamics, lead to a wider distribution of the dielectric relaxation times when dissolved in a nonpolar solvent. A reduction in the cooperativity thus gives rise to the structural and consequently to the dynamic heterogeneity. [34] [35] [36] The experiments by Weeks et al. 37 using 3D confocal microscopy on the colloids has recently shown the existence of a large number of clusters in a liquid. These clusters involve only approximately 5% of the particles, which themselves are distributed in a number of clusters. The particles in a cluster move together. The remaining 95% of the particles are relatively static. As the glass transition is approached, the typical size of a cluster increases. A increase in dilution increases the number and a distribution in the size of the clusters and in consequence increases the nonexponential relaxation dynamics. The results given here may therefore indirectly support the premise that loss of cooperativity and an increase in heterogeneity are the primary causes of the nonexponential relaxation dynamics.
B. Johari-Goldstein relaxation
The 75 mol % solution of isoamyl bromide in 2-methylpentane clearly exhibits a secondary relaxation process. The dielectric amplitudes of primary and secondary processes ⌬⑀ 1 and ⌬⑀ 2 are shown in Fig. 2 . As already stated, the dielectric amplitude of the higher frequency process is lower by a factor of 50 and is slightly dependent on temperature except close to the freezing temperature T f , where ⌬⑀ 2 amplitude suddenly drops as does ⌬⑀ 1 . This observation of secondary process being observed is more marked than for pure isoamyl bromide shown in Fig. 12 . Since isoamyl bromide liquid is nonhydrogen bonded and also the rotations around the C-C bond of the molecule do not give rise to a change in the dipole moment, the higher frequency process can only be assigned to the Johari-Goldstein 38,39 type of a relaxation process. The Johari-Goldstein 38, 39 process is exhibited by the isolated dipolar molecules constrained in the voids of the domains/ clusters. The primary process is caused by the collective rotational/torsional motion of the majority of molecules that lie within the domains of the system. The relative predominance of the secondary process is therefore dependent on the system and on the rate of cooling. The existence of this process is dependent on whether the system allows the formation of voids of sufficiently large size where the dipolar molecules have the possibility of being trapped and of executing torsional motion. In most glass-forming low molecular weight systems, these voids are naturally formed as the system is cooled towards T g . This is the main reason why the secondary relaxation in our view is a universal or near universal feature 40 of the glassy state. In which case, the relative dielectric amplitude of this process compared to the primary process depends on the number density of these voids and on the availability of single dipolar molecules within these voids. Our results show that a small dilution of isoamyl bromide with 2-methylpentane aids in the formation of these voids, which is quite plausible since the solvent molecules tend to break these clusters or domains. However an increase in the concentration of 2-methylpentane tends not only to reduce the size and increase the number of these clusters of polar molecules but also makes these clusters and a small number of isolated polar molecules to act as independent set of relaxors in a very viscous media like those in an amorphous solid. This is reflected by the increased nonexponential behavior of the relaxation time of the main process for 50 and 25 mol % solutions. In such cases, it is not easy to separate the primary and secondary processes. For 75 mol % solution however, the two processes are not seen to merge for TϾT g due to a restricted range of temperatures investigated, but when extrapolated these curves merge at ϳ145 K, however Fig. 4 of Ref. 1 clearly shows that the two processes merging for TϾT g . The merger occurs mainly because at increased temperature, the distinction between the primary and the secondary processes disappears. It may be remarked here that some polymers also show the secondary or ␤ relaxation but the mechanism for that process is due to the torsional motion of the segments of the polymer, which manifestly is different from that of the Johari-Goldstein process.
C. Temperature dependence of ⑀ S
The static permittivity, ⑀ S , for 75% and 25% is shown as a function of the temperature in Fig. 13 and included are also the plots of ⑀ S for pure isoamyl bromide and 50 mol % solutions. The extrapolated values of ⑀ S at 110 K for pure isoamyl bromide, 75%, 50%, 25%, respectively, are 15.81, 12.95, 7.71, and 4.38, respectively. ⑀ S for 2-methylpentane is 2.094. The plot of ⑀ S vs mole fraction of the solute ͑not given͒ shows an almost linear increase in ⑀ S . The extrapolated densities from the measurements carried out by Denny and Ring 6 have been obtained. For pure isoamyl bromide and its 75%, 50%, 25% solutions at 110 K, these are 1.44, 1.26, 1.10, and 0.95 g/cm 3 . The extrapolated density for 2-methyl pentane is found to be 0.78 g/cm 3 . The Kirkwood correlation factor, 41 g, for different concentrations at 110 K was calculated, and found to be gϭ0.7Ϯ0.1 within the concentration range investigated. This shows that antiparallel association is present for concentrations of 25% and above. In the absence of hydrogen-bonding, the antiparallel association seems to be derived from the dipole-dipole interactions and the steric factors concerned with the packing of the molecules in the condensed state. This antiparallel association is not found to be significantly altered at low temperatures by dilution with 2-methylpentane at or above 25% of isoamyl bromide.
V. CONCLUSIONS
Nonhydrogen bonded isoamyl bromide and its solutions in a nonassociated nonpolar solvent 2-methylpentane show nonexponential relaxation dynamics and the increase in the nonexponential character is followed by dilution with 2-methylpentane. This is shown by an increase in the halfwidth of the dielectric loss curves, and a reduction in the stretched exponential exponent, the Kaulrausch parameter, ␥. For these mixtures, Havriliak-Negami equation in the frequency domain is shown to fit the data extremely well and ␥ is estimated as a function of temperature. This is shown to lead to the equation, which in turn leads to the VFT equation for the relaxation peak frequency as a function of temperature. The secondary relaxation in pure isoamyl bromide and its 75 mol % solution is interpreted in terms of the Johari-Goldstein process and this process is not observed with increase in dilution, for which an explanation is given. A reduction in the cooperativity among the polar molecules and consequently an increase in the heterogeneity is found to be the main cause of the non-exponential relaxation dynamics.
